Most colloidal interactions can be tuned by changing properties of the medium. Here we show that activating the colloidal particles with random self-propulsions can mediate giant effective interactions between the objects thereby. By performing Brownian dynamics simulations, we systematically study the effective force between two hard walls in a 2D suspension of self-propelled (active)colloidal hard spheres. We find that at relatively high densities, the active colloidal hard spheres can form a dynamic crystalline bridge, which induces a strong oscillating long range dynamic wetting repulsion between the walls. With decreasing the density of active colloids, the dynamic bridge gradually breaks, and an intriguing long range dynamic depletion attraction dominates the effective interaction between the two walls. These two long range forces suppress each other, and the effective interaction can be tuned from a long range repulsion into a long range attraction by reducing the density of active particles. Our results open up new possibilities to manipulate the motion and assembly of microscopic objects by using active matter. * Electronic address:
Effective interactions between colloidal particles induced by the medium (e.g. solvent) are an important tool to manipulate the phase behavior and direct the self-assembly in colloidal systems. A famous example is the depletion attraction, first described by Asakura and Oosawa more than half a century ago [1] . They found that highly size asymmetric binary mixtures, due to the excluded volume effect between particles, the presence of small particles (in their work, polymers) induces an entropic attraction, known as the depletion force, between big particles (e.g. colloidal particles). This force has been extensively employed to fabricate a variety of novel colloidal structures [2] , which has become an thriving research topic in past decades [3] . The strength of the depletion force can be well controlled by tuning the density of the small particles (polymers). In contrast, the range of depletion force is always short ranged, as it is determined by the size of the small particles.
In the past decade, the non-equilibrium dynamics of self-propelled (active) particles has attracted an increasing amount of interest, which originates from the aim to understand the intriguing self-organization phenomena in nature like bird flocks, bacteria colonies, tissue repair, and cell cytoskeleton [4] . Very recently, breakthroughs in particle synthesis have enabled the fabrication of artificial colloidal microswimmers that show a high potential for applications in biosensing, drug delivery, etc [5] . A number of different active colloidal systems have been realized in experiments, such as colloids with magnetic beads that act as artificial flagella [6] , catalytic Janus particles [7] [8] [9] [10] , laser-heated metal-capped particles [11] , lightactivated catalytic colloidal surfers [12] , and platinum-loaded stomatocytes [13] . In contrast to passive colloidal particles that just undergo Brownian motion due to random thermal fluctuations of the solvent, active self-propelled colloids experience an additional force due to internal energy conversion. Although the long time dynamics of self-propelled particles is still Brownian, where the mean square displacement is proportional to time [14] , the random self-propulsions have produced a variety of strikingly new phenomena in suspensions of active particles, which were never observed in the corresponding systems of passive particles, e.g. bacteria ratchet motors [15] , meso-scale turbulence [16] , living crystals [12] etc. In this work, we address the question whether active matter can serve as a medium to generate unexpectedly large effective interactions between large immersed objects, and hence direct their motion and assembly. To this purpose, we employ a simply, yet representative model system, in which we study the effective interaction between two parallel hard walls immersed in suspensions of self-propelled colloidal hard spheres. We find that when the density of par-ticles is relatively high, a dynamic crystal bridge forms between the two walls, which induces a strongly oscillating repulsive dynamic wetting force, with a range depending on the size of the dynamic clusters. With decreasing density of particles, this dynamic crystal bridge becomes smaller, and the effective force between the two walls develops a long range attractive tail. Intriguingly, in the limit of zero density, i.e. non-interacting ideal self-propelled particles, the effective interaction turns into an long ranged dynamic depletion force, with a range depending on the persistence length of the mean free path of the particles, which can be easily tuned by varying the self-propulsion on the particle. Therefore, our results suggest a novel way to tune the interaction between large objects by immersing them in suspensions of small self-propelled colloids. The sign of interaction can be tuned from long range repulsive to long range attractive by changing the density of particles, and the range of interaction can be controlled by varying the magnitude of self-propulsion on the particles.
To provide evidence for the above we perform computer simulations of a 2D suspension of N (between 10,000 and 100,000) self-propelled colloidal hard spheres. We model the interaction between particle i and j with a steep Weeks-Chandler-Andersen potential
where r ij is the center-to-center distance between the two spheres, and σ is the diameter of the particles, with k B and T the Boltzmann constant and the temperature of the system, respectively. Here, the strength of the interaction is set = 40, which has been proved to be a good approximation of the interaction of colloidal hard spheres [17, 18] . Even though the particles are driven and energy is continuously supplied to the system, we assume the solvent to be at an equilibrium temperature T . The motion of particle i with position r i and orientationû i can be described via the overdamped Langevin equation given bẏ
where the potential energy U = i<j U W CA (r ij ) is the sum of interactions between all particles, and D 0 is the short-time self diffusion coefficient of particle i. A stochastic force with zero mean, ξ i (t), describes the collisions with the solvent molecules, and sat-
2 1δ ij δ(t − t )/D 0 with 1 the identity matrix. In addition, the self-propulsion of particle i is described by a constant force f in the directionû i (t) at time t, which undergoes free Brownian rotation [19] with a rotational diffusion coefficient
We first perform Brownian dynamics simulations of this 2D colloidal hard-sphere system at density ρ bulk σ 2 = 0.4, which is much lower than the equilibrium crystallization density of hard disks [20] , for several hundreds of diffusion time units τ B = σ 2 /D 0 . As shown in Fig. 1a, in equilibrium, i.e. f = 0, the system stays in a homogeneous fluid state. Increasing the random self-propulsion from f σ/k B T = 20 to 80, as shown in Fig. 1b -e, causes the system become more spatially heterogeneous forming dynamic crystalline clusters. The average size of these dynamic clusters increases with the magnitude of the random self-propulsion f , which agrees with previous simulation [21] and experimental studies [12, 21] .
Next we put two parallel hard walls into the system fixed at (−r/2, 0) and (r/2, 0), respectively, perpendicular to the horizontal (x) axis as shown in Fig. 1f , where r is the center-to-center distance between the two hard walls. A hard wall is modelled as a line segment with length W , and the interaction between particle i and wall j is given by
, in which r ij is minimal distance between the center of particle i and points on the line segment j. Therefore, in our system, a hard wall appears as a hard 2D spherocylinder with width σ and cylindrical length W . We measure the effective force between the two parallel hard walls with the size W/σ = 10, immersed in the self-propelled hard sphere suspension at bulk density ρ bulk σ 2 = 0.4 with various random self-propulsion f .
We ensure that our system is large enough to eliminate the effect of the presence of the two hard walls on the bulk phase. The measured effective force F is shown in Fig. 2a , where F > 0 and F < 0 indicate that the effective force push the two walls apart and towards each other, respectively. When f = 0, the two walls only feel a short ranged depletion force from the colloidal particles, which terminates at around r/σ 2, where the particles start to fill the confinement by the two walls. When the random self-propulsion increases to f σ/k B T = 20 and 40, as shown in Fig. 2a , a strong oscillating force appears between the two walls, and with increasing f , both the strength and range of the force dramatically increase. For instance, the magnitude of the force reaches F σ = 1500k B T for f σ/k B T = 40.
To understand the origin of this giant force, we plot the reduced density distribution of particles ρ(x, y)/ρ bulk with f σ/k B T = 40 at various wall-wall separations as shown in Fig. 2c-f .
When the distance between the two walls r/σ 2, the gap between the two walls is filled by a layer of particles, and a typical configuration is shown in Fig. 2g . For higher wall-wall 4 separation, i.e. 2 ≤ r/σ ≤ 10, a bridge of several dense layers of particles forms between the walls, visible as as peaks in Fig. 2d ,e. Typical configurations of the bridge in Figure 2h ,i
show that the dynamic bridge has crystalline order, in which most of the particles are on a hexagonal crystalline lattice. When the wall-wall separation further increase to r/σ = 15, the dynamic bridge breaks (Fig. 2f,j) , and the interaction between the two walls vanishes.
To further investigate the relationship between the effective force and the dynamic crystal layering between the two walls, we plot the average density of the particles inside the confinement ρ(r) as a function of wall-wall separation r in Fig. 2b . For r/σ < 2, no particles are within the confinement, such that the strong forces on the outside push the two walls together. For r/σ > 2, ρ(r) first increases and then start oscillating as a function of r.
Interestingly, the oscillation of ρ(r) strongly correlates with the oscillation of effective force between the two walls as shown in Fig. 2b . Repulsive force, F > 0, is always coupled with the increase of ρ(r), i.e. ∂ρ(r)/∂r > 0, while attraction, F < 0, is always coupled with the decrease of ρ(r), i.e. ∂ρ(r)/∂r < 0. This strongly suggests that the effective force between the two hard walls is induced by the dynamic wetting of the living crystalline clusters in the system. However, different from the attractive wetting force in equilibrium [22] , the dynamic wetting force we observed here appears to be overall repulsive, which is indicated by the larger repulsive part than the attractive part in the effective interaction. While in this work, we mainly focus on monodisperse systems, we verified that the wetting force did not change within the error for systems of self-propelled colloidal hard spheres with 20%
Gaussian size polydispersity.
Furthermore, we study the influence of bulk phase density of the particles on the effective interaction between the two walls. The measured reduced forces F/ρ bulk σk B T for various ρ bulk are shown in Fig. 3a . Decreasing the bulk density from ρ bulk σ 2 = 0.4 to 0.2, decreases both the amplitude of oscillation in the effective force F and its range, because the size of dynamic clusters decreases with lower density [21] . Surprisingly, an attractive tail starts to appear in the reduced effective force between the two walls, which becomes (relatively) more dominant with decreasing ρ bulk . In dilute systems, i.e. ρσ 2 = 0.02, except a repulsive peak at r/σ 2, the interaction between two walls becomes almost entirely attractive with the contact value of force around −20k B T /σ and the interaction range around 20σ.
To understand this intriguing attraction, we study the effective interactions between two hard walls in systems containing non-interacting ideal self-propelled particles, in which the 5 interaction between particles is zero, and they only interact with the two hard walls. We plot the density distribution of particles for various wall-wall separations in Fig. 3d -g. When r/σ 2, a strong peak arises in the density of particles between the two walls, due to dynamic wetting of the ideal self-propelled particles. With increasing the wall-wall separation to r/σ = 5 (Fig. 3e) , the dynamically wetted layer of ideal particles on the walls persists, while inside the confinement the density of particles is much lower than the outside bulk phase. Therefore, the surface of the walls inside the confinement is in contact with a fluid phase of self-propelled ideal particles with lower density than the outside, which yields a net attractive force pushing the two walls towards each other. As shown in Fig. 3e-g, further increasing the wall-wall separation eliminates the density difference between the outside and inside of the confinement, and at large enough wall-wall separation the attraction vanishes.
To investigate the finite size effect of the wall, we plot the reduced pressure P = F/W on the two walls as a function of wall-wall separation for various wall sizes in Fig. 3b . With increasing wall size W , the magnitude of pressure increases, but when W/σ ≥ 80, the effect of the wall edges has become negligible. Moreover, the reduced pressure between walls can be well fitted with an exponential form ∼ − exp(−r/ξ), where ξ can be regarded as the range of the force. As shown in Fig. 3c , with increasing the random self-propulsion, both the strength and range of the effective attraction increase.
To understand the physics of this intriguing attraction mediated by self-propelled ideal particles, we studied an even simpler active particle model shown in Fig. 4a , in which a single particle moves on a 2D (100 × 100) square lattice with a constant speed. The speed of the particle is v 0 = 1 such that at each step, it moves along ±x or ±y direction by one lattice site, and the particle has a probability k swap to rotate its direction of velocity by ±90 degree. In this model, the only controlling parameter is the swapping probability k swap . When k swap < 1, at each step the particle has a probability of 1 − k swap to keep the present direction of velocity. Therefore, k swap characterizes the persistence length in the random walk l p , which is given by the expectation value of the length of the path that the particle has not turned yet. This length is thus
Putting two parallel hard walls with the size of 10 lattice sites, with the rule that if the particle hits a wall it remains at its lattice position, we perform Monte Carlo simulations long enough to reach a steady state (∼ 10 8 steps). For a fixed separation between the two walls of 10 lattice sites, the reduced probability distributions of the particle on the square 6 lattice with various swapping probability are shown in Fig. 4b-d . We can see that when k swap = 1, the probability density distribution is homogeneous, as expected. However, at k swap = 0.2 or 0.5, the probability density distribution becomes spatially heterogeneous, and the probability density inside the confinement is lower than on the outside. With increasing k swap , the difference in the probability density between the inside and outside of the confinement decreases. This is explained by the fact that a particle performing a random walk with a larger persistence length has more difficulty to enter than to leave the confined area, so that the transition rates satisfy k io > k oi , where k io (k oi ) is the rate of the particle to enter (leave) the confinement. After the system reaches a steady state,
where ρ i and ρ o are the average probabilities for the particle to be inside and outside of the confinement, respectively. Therefore, it follows that ρ i < ρ o . In this "dynamical" depletion effect, the confinement depletes the dynamic trajectories of active particles with large persistence lengths. This explains the attraction force induced by selfpropelled colloidal hard spheres, which is a type of dynamic depletion force. We can estimate the force on the walls from the average probability of finding particles colliding with the wall. In Fig. 4e we plot the effective force between the two walls as a function of wall distance, for different values of k swap . Clearly the force decays exponentially, as in the case of the full Brownian system. Moreover, the decay constant ξ (obtained from fitting to F ∼ − exp(−r/ξ)) depends on k swap as ξ 1/k swap as shown in Fig. 4f . This dependence can be understood by realizing that the range of the non-equilibrium dynamic depletion force is around the persistence length, which is l p = 1/k Swap .
In conclusion, by using computer simulations, we have systematically studied the effective interaction between two parallel hard walls immersed in a 2D suspension of self-propelled colloidal hard spheres. We find that the presence of self-propelled colloidal hard spheres can mediate long range non-equilibrium effective interactions between the objects thereby. One 
